The main aim of metabolomics is to make a comprehensive study of metabolites, the intermediates of biochemical processes in living organisms. Any pathophysiological mechanism caused by disease will inevitably lead to related changes in the concentrations of specific metabolites. In line with this, metabolomics offers a promising laboratory tool for the analysis of potential diagnostic biomarkers that may be used to assess susceptibility to a disease and to evaluate the prognosis and therapeutic response to treatment. Recent data have shown that metabolomics analysis in rheumatoid arthritis has made possible more efficient diagnosis, discrimination between patients with regard to disease activity, prediction of the response to a particular treatment approach, differentiation between rheumatic disease subtypes and greater understanding of the pathophysiology of this disease. Here we characterize metabolomics as a comprehensive laboratory tool and review its potential in the diagnosis, prognosis and treatment of rheumatic diseases such as rheumatoid arthritis.
Introduction
Metabolomics complements genomics, transcriptomics and proteomics in the comprehensive analysis of biological systems in health and disease. Recent developments in analytical technology have turned it into an extremely powerful laboratory methodology that has increasingly been used in biomedical and clinical research [1] . The main aim of metabolomics is the comprehensive study of metabolites, the intermediates of the biochemical processes that occur in living organisms. Specifying which metabolites can be measured by means of metabolomics depends on the biological sample and the laboratory technique employed. They are usually defined as any molecules of a molecular weight of less than 1000 daltons. It has been suggested that the definition of metabolites should also include all small molecules introduced and modified by diet, medication, environmental exposure and coexisting organisms [2] . From a diagnostic and clinical point of view, the following advantages of a study of metabolites should be stressed:
• the short rapid response of the metabolic pattern to any physiological change in the organism, • the association between the functions of specific genes, • the impact of the metabolite pattern on the activity of proteins and genes, • the straightforward relationship between metabolite concentration and disease activity. Metabolomics enables concentrations of a wide range of components to be measured in a single sample [2] . Any pathophysiological mechanism caused by a disease in a biological system will inevitably lead to related changes in the concentrations of specific metabolites. In line with this, metabolomics allows the specific responses of organisms to environmental stimuli to be broadly analyzed, a procedure that is gaining popularity in drug research and clinical studies.
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From the pharmacological point of view, this methodology makes it possible to perform a rapid and comprehensive assessment of complex biological responses to new chemical entities and the effects of external stimuli, such as pharmaceutical dosages [1] . The importance of metabolomics for the study of disease biomarkers has been recently acknowledged [3, 4] .
Approaches to the study of metabolomics
The analysis of a metabolome can be approached in three main ways: 1) fingerprinting, 2) non-targeted analysis, 3) targeted analysis [2, 5, 6] .
Metabolomic fingerprinting is applied to sample sets in which initial differentiation is performed on the basis of an unbiased, detailed and reproducible analytical fingerprint that represents many of the diverse compound classes of metabolomes. Non-targeted metabolomics as a method of metabolic profiling makes possible the detection and analysis of the complete metabolome or panels such as lipids, including phospholipids, amino compounds, sugars and bile acids, without focusing on a specific compound [2, 7, 8] as targeted metabolomics does, measuring analytes that have been selected a priori on the basis of known biochemistry and/or previously established non-targeted studies. With the use of highly qualified statistical analysis, the changes in the metabolites can be mapped to specific pathways, enabling information to be extracted on the whole pathophysiological process of a particular disease. Metabolomics may offer the opportunity to map patients according to the specific pathways affected by their pathologies.
Techniques for studying metabolomics
Wide-ranging techniques such as nuclear magnetic resonance (NMR) or mass spectrometry (MS) have made metabolomics a highly relevant comprehensive tool that allows patterns of changes in biological systems to be described in order to understand better a particular disease pathway [1, 9] . Nuclear magnetic resonance and MS can be used to acquire experimental information of biological systems including analysis of available biological materials such as blood, fluids and tissues. Among the benefits of these techniques are that they both require a minimal amount of sample (less than 1 ml for liquids and 1 mg for solids) and offer a spectroscopic pattern of tens or hundreds of measured metabolites. There are, however, several differences between the two techniques. Nuclear magnetic resonance has the advantage of better reproducibility, does not require sample pretreatment and is non-destructive, allowing multiple analyses of the same sample. Mass spectrometry has a much greater sensitivity but requires sample pretreatment and has to be linked to chromatography to allow separation into the different class of components. Mass spectrometry technique is more platform-dependent and susceptible to variability [10] .
After obtaining the data, comprehensive statistical tools and models are used to extract the metabolomic information and to identify the metabolites and their correlations in order to differentiate between various pathologies, to determine the progression of disease and to discover potential biomarkers.
Metabolomics in clinical studies
Metabolomics has been applied to the study of several diseases as a potential tool for understanding the disease mechanisms and a relevant instrument in diagnosis and in the monitoring of treatment [11] . It has been shown that metabolomics analysis is potentially of discriminative value in the prognosis and diagnosis of diseases such as coronary heart disease and different degrees of stenosis [12] , ocular inflammatory diseases [11] , inflammatory bowel disease [13] and cancer [14] . It has been indicated that the nutritional status of rheumatoid arthritis patients is determined by the intensity of the chronic inflammatory process observed and by disease duration [15] , which can be reflected in changes in some metabolites.
In recent years, the identification of biomarkers has been recognized as a challenging approach in many fields of medicine, including rheumatology. According to the working group of the National Institutes of Health for the U.S.A, a biomarker is considered "a characteristic that is objectively measured and evaluated as an indicator of normal biologic processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention" [16] . Biomarkers play a role in diagnosis of disease with regard both to susceptibility and to evaluation of prognosis and therapeutic response.
Identification of potential biomarker candidates is a required step not only for diagnosis but also for better understanding of pathophysiology of a disease and in particular of its functional metabolism.
Metabolomics as a potential tool for biomarker studies in rheumatic diseases
The identification of patients who are susceptible to developing rheumatoid arthritis (RA), the most severe and persistent form of rheumatic disease, is a challenge for clinicians and researchers alike. Rheumatoid arthritis is a chronic inflammatory disease with joint involvement and systemic inflammation characterized by profound changes in the immune system. Early diagnosis and differentiation between early RA and other rheumatic diseases at the early stage presents major difficulties for rheumatologists, as there is a pressing need to be able to identify those patients with inflammatory arthritis who are at high risk of developing persistent and erosive disease [17] . Many studies have shown the effectiveness of disease-modifying anti-rheumatic drugs (DMARDs) in the treatment of patients with early RA before the first radiographic evidence of erosions, thus preventing further joint damage and disability. In line with this, the other important aspect of the study of rheumatic diseases is the creation of a new approach which enables DMARDs to be administered at a very early stage of RA [18] and which allows this treatment to be monitored.
Recent data have shown that metabolomic analysis in clinical RA studies has improved disease diagnosis, differentiation between disease subtypes and understanding of metabolic activity and the effect of drug treatment on metabolic profile. The results of the findings are presented in Tables I and II. Elevated lipoprotein, a cholesterol-rich protein/lipid fraction similar to low density lipoprotein, has been noted in RA and constitutes an important cause of cardiovascular disease in RA. Lipid profile was analyzed in synovial fluid obtained from RA patients, and 70 different lipid components were identified. Among these, considerable amounts of 5S,12S-dihydroxyeicosatetraenoic acid (5S,12S-diHETE), an isomer of the pro-resolving mediator LTB4 with anti-inflammatory properties, were identified [19] .
A potential application of metabolomic methodology for RA was emphasized in a study that demonstrated that some endogenous metabolites may discriminate patients with regard to different disease activity [20] or even predict the response to a particular treatment [21] . In particular, metabolic changes were indicated related to the response to methotrexate (MTX) treatment taken as monotherapy in patients with early RA. It was also shown that patients with active RA after responding to MTX exhibited elevated uric acid, taurine, methionine, glycine, histidine and hypoxanthine serum levels while patients for whom MTX was not effective showed decreased uracil, trimethylamine n-oxide (TMAO), oxoglutarate, aspartate, and tryptophan serum levels. The authors of the study suggested that these endogenous metabolites could be used to predict the therapeutic effect of MTX in RA patients [21] .
Metabolomics has been tested in its capacity to differentiate RA from other diseases, including psoriatic arthritis (PsA) and osteoarthritis (OA) [22] . Metabolomics allowed patients with RA or PsA with predominant peripheral arthritis to be distinguished with a sensitivity of 90% and a specificity of 94%. In particular, the study indicated that glutamine, heptanoic acid, succinate, pseudouridine, inosine, guanosine, arabitol, cystine, cysteine and phosphoric acid were increased in RA patients compared to PsA patients, whereas aspartic and glutamic acid, histidine, serine, arachidonic acid, cholesterol, threonic acid and 1-monooleoylglycerol were all decreased compared with PsA patients.
Table I. Metabolomic changes in rheumatoid arthritis -potential biomarkers predicting therapeutic effect
Metabolites that could be used to predict therapeutic effect Changes that have been indicated
Uric acid, taurine, methionine, glycine, histidine, hypoxanthine Elevated levels after responding to MTX with respect to patients for whom MTX was not effective [21] Uracil, TMAO, oxoglutarate, aspartate, tryptophan Decreased levels after responding to MTX with respect to patients for whom MTX was not effective [21] Table II. Metabolomic changes in rheumatoid arthritis -potential diagnostic biomarkers
Metabolites that could be used as potential diagnostic biomarkers
Changes that have been indicated
Glutamine, heptanoic acid, succinate, pseudouridine, inosine, guanosine, arabitol, cystine, cysteine and phosphoric acid
Increased levels in RA patients compared to PsA patients [20] Aspartic and glutamic acid, glutamate, histidine, serine, arachidonic acid, cholesterol, threonic acid, 1-monooleoylglycerol Decreased levels in RA compared with PsA patients [20] Succinate, octadecanol, asparagine, terephthalate, salicylaldehyde, glutamine, citrulline, tyrosine, uracil, lysine, ribitol, tryptophan, xylose and ribose
Higher levels in the RA group than the non-RA group [3, 19] Isopalmitic acid, glycerol, myristic acid, palmitoleic acid, hydroxylamine and ethanolamine
Lower level in the RA group than in the non-RA group [3, 19] Reumatologia 2015; 53/3
Using a metabolomics approach, Kim et al., in a study of 38 synovial fluid samples of inflammatory arthritis including RA, observed changes in the 20 metabolites selected as potential biomarkers to discriminate RA from non-RA patients [3] . As many as 105 metabolites were identified and classified into the following chemical classes: sugars and sugar alcohols, amino acids, fatty acids, organic acids, amines, phosphates and miscellaneous. The metabolite profiles of synovial fluid obtained from RA patients were distinguishable from those of other inflammatory arthritis. Finally 20 metabolites were selected and validated as potential biomarkers with the capability of discriminating RA from non-RA diseases with 92.3% sensitivity and 68.0% specificity [3] . The study indicated that succinate, octadecanol, asparagine, terephthalate, salicylaldehyde, glutamine, citrulline, tyrosine, uracil, lysine, ribitol, tryptophan, xylose and ribose were higher in the RA group than in the non-RA group. The level of isopalmitic acid, glycerol, myristic acid, palmitoleic acid, hydroxylamine and ethanolamine were lower in the RA group than in the non-RA group [3] .
These metabolites are major intermediates of various metabolic pathways, including glycolysis, the tricarboxylic acid (TCA) cycle and pathways involving amino acid and fatty acid metabolism. In the TCA cycle alpha-ketoglutarate is a precursor to such amino acids as glutamate, glutamine, proline and arginine. Oxaloacetate, which is converted from succinate, fumarate and malate, is also a precursor to such amino acids as asparagine, methionine, threonine, isoleucine and lysine [22] . Citrulline synthesized from ornithine and carbamoyl phosphate is a key intermediate of the urea cycle. It is also generated through post-translational modification of arginine residues by peptidylarginine deiminase [20] . Citrulline is known as a major antigenic determinant recognized by RA. Anti-cyclic citrullinated peptide antibodies (anti-CCP) have been established as a useful tool to discriminate RA from other arthritic diseases [21] .
The studies showed that the urea and TCA cycles as well as amino acid metabolism were highly activated in the RA group compared with the non-RA group. According to the results, citrulline, succinate, asparagine, glutamine and lysine are proposed as major biomarkers for RA diagnosis.
Summary
With regard to rheumatic diseases, the outcome of a particular disease is often strictly dependent on early diagnosis and the ability to predict a therapeutic response. Metabolomics has been considered a novel and promising tool in the clinical approach to rheumatic disease. The great advantages of this method include the possibility of producing complex metabolic profiles of patients with a very small amount of any available biological material as a starting point. In this respect, metabolomics enables studies of substances that may turn out to be candidate biomarkers.
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